In this work, we have investigated osteoblast adhesion, proliferation and differentiation on nanocomposites of chitosan, polygalacturonic acid (PgA) and hydroxyapatite. These studies were done on both two-and three-dimensional (scaffold) samples. Atomic force microscopy experiments showed nanostructuring of film samples. Scaffolds were prepared by freeze-drying methods. The mechanical response and porosity of the scaffolds were also determined. The compressive elastic modulus and compressive strength were determined to be around 0.9 and 0.023 MPa, respectively, and the porosity of these scaffolds was found to be around 97 per cent. Human osteoblast cells were used to study their adhesion, proliferation and differentiation. Optical images were collected after different intervals of time of seeding cells. This study indicated that chitosan/PgA/hydroxyapatite nanocomposite films and scaffolds promote cellular adhesion, proliferation and differentiation. The formation of bone-like nodules was observed after 7 days of seeding cells. The nodule size continues to increase with time, and after 20 days the size of some nodules was around 735 mm. Scanning electron microscope images of nodules showed the presence of extracellular matrix. The alizarin red S staining technique was used to confirm mineralization of these nodules.
Introduction
The replacement of biological human tissues with living and non-living constructs falls into the realm of a large portion of the biomaterials industry. Tissue engineering remains the most favourable technique, with the potential for replacement of biocompatible tissues and organs (Vacanti 2006) , although materials that are investigated for hard-tissue replacements (Katti 2004) are made using advanced techniques in materials science, engineering and nanotechnology. Optimized growth, proliferation and the osteogenic nature of the cells as well as appropriate scaffold degradation remain the challenging features of successful tissueengineered bone. Cell morphology, cytoskeletal structure, adhesion and differentiation can strongly depend on substrate stiffness under conditions where chemical signals are constant. It has been shown that, for proper functioning, the matrix should provide a similar mechanical response to the host environment for cells in the body. Osteoblast cells reside in the rigid matrix provided by collagen fibres and hydroxyapatite crystals. Hence, for growth of functional bone tissue, it is of the utmost necessity that scaffolds provide a mechanical response similar to that of bone matrix. Bone serves as the primary mechanical support for the body. Thus, scaffolds used for bone tissue engineering should also provide adequate mechanical support to prevent the collapse of neonatal tissue. Material requirements for scaffold design are stringent and, in the quest to develop new materials, researchers often have to deal with multi-objective problems. The scaffolds should be biocompatible, biodegradable and show adequate mechanical response to support cellular adhesion, proliferation and differentiation (Sun et al. 2004; Ma 2008; Stevens 2008) . The mechanical response of the scaffold is an important factor especially for bone tissue engineering (Hollister 2006) . If the scaffold cannot provide a mechanical modulus in the range of that of hard tissue (10-1500 MPa), then any nascent tissue formation will probably also fail owing to excessive deformation (Goulet et al. 1994) . The mechanical response of scaffolds is inversely proportional to the porosity. A porosity of scaffold around 90 per cent has been considered optimal for tissue engineering (Karageorgiou & Kaplan 2005; Mohamad Yunos et al. 2008) . At such high porosity, mechanical strength and elastic modulus decrease significantly. Various methods such as porogen leaching, freeze-drying, gas foaming and rapid prototyping have been used for the fabrication of scaffolds (Randolph et al. 2003; Salgado et al. 2004; Harris et al. 2008; Peltola et al. 2008; Stevens et al. 2008) . Although scaffolds made of synthetic polymers such as polycaprolactone and polylactic acid show better mechanical response than scaffolds made from natural polymers, they are hydrophobic in nature and also not biofunctional (Ma & Choi 2001; Sherwood et al. 2002; Bhowmik et al. 2007; Verma et al. 2008a,b) . Also, the recent literature indicates that the size and scale of the scaffold structures also affect the morphology and functionality of cells. Further, it is also known that cells often adhere and proliferate well in nanostructured materials (Laurencin et al. 1999; Teixeira et al. 2003; Jayaraman et al. 2004) .
Although biopolymers such as chitosan, chitin, collagen, etc. are biofunctional, their inadequate mechanical strength and deteriorating structural integrity under wet conditions are major drawbacks. In our previous work, for enhancement of the mechanical properties of biopolymer-based composites, we developed composites of hydroxyapatite (HAP) with chitosan (Chi) and polygalacturonic acid (PgA) (Verma et al. 2009 ) and also of hydroxyapatite with clays and chitosan (Katti et al. 2008) . The two biopolymers, chitosan and PgA, are biocompatible, biodegradable and also electrostatically complementary to each other. This strategy led to significant improvement in the mechanical properties of the new composites. We observed increases of more than 100 per cent in the values of the elastic modulus and ultimate compressive strength (Verma et al. 2009 ). Analysis of the nanostructure using atomic force microscopy (AFM) revealed a multilevel organization in these composites. The enhancement in mechanical response was attributed to stronger interfaces due to strong electrostatic interaction between the oppositely charged chitosan and PgA. In the present work, we synthesized scaffolds made from two electrostatically complementary biopolymers and hydroxyapatite. The biopolymers used for scaffold fabrication are chitosan and PgA. PgA is a de-esterified form of pectin. The suitability of these scaffolds for bone tissue engineering has been evaluated by studying the cellular response of human osteoblast cells. Hydroxyapatite-containing chitosan/PgA scaffolds maintained their structural integrity under wet conditions. These scaffolds showed an extremely porous (approx. 97%) and interconnected architecture. These scaffolds also promoted cell adhesion, proliferation and differentiation.
Materials and methods

(a) Materials
Na 2 HPO 4 , ultrapure bioreagent grade, was obtained from J. T. Baker. GR grade CaCl 2 was obtained from EM Science. Chitosan and PgA were obtained from Sigma-Aldrich Chemicals. All these materials are used as supplied.
(b) Synthesis of films and scaffolds
The chitosan solution was prepared by dissolving 1 g chitosan in 100 ml of deionized water, and the PgA solution was prepared by dissolving 1 g PgA in 100 ml of deionized water. These two solutions were mixed together by adding chitosan solution drop-wise to PgA solution. Further, the mixed solution was sonicated and centrifuged to remove extra water, followed by freeze-drying. The freezing of the solution was done by immersing a beaker containing the solution into liquid nitrogen. Composite scaffolds of ChiPgA and HAP were also made. ChiPgAHAP composite scaffolds were made by adding HAP solution to ChiPgA solution prior to freeze-drying. After the addition of HAP, the resulting solution was further sonicated for proper mixing. Scaffolds with two different concentrations of HAP were made: 10 per cent (ChiPgAHAP10) and 20 per cent (ChiPgAHAP20). In order to synthesize films of ChiPgA, ChiPgAHAP10 and ChiPgAHAP20, these solutions were diluted in 1 : 10 ratio and 3 ml of the resultant solution of each composition was air-dried on tissue culture polystyrene petri dishes. Films of each composition were made in triplicate. Films of ChiPgAHAP10 and ChiPgAHAP20 were also prepared on a 24-well plate for an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell growth study.
(c) Porosity determination
The porosity of the porous scaffolds was determined by measuring the dimensions and mass of the scaffolds and comparing the calculated density with the density of the solid nanocomposites. The apparent density r (Hoemann et al. 2005) of the scaffolds was calculated as r = mV −1 , where m is the mass and V is the volume of the porous scaffolds. The porosity of the porous scaffolds was calculated from
where r s is the density of the solid nanocomposite, determined to be 1.5 g cm −3 .
(a) (b) Figure 1 . AFM phase images acquired at tapping mode of (a) ChiPgA and (b) ChiPgAHAP20. Scale bars, 500 nm.
(d) Cell culture
Human foetal osteoblast hFOB 1.19 (hFOB) cells were propagated on ChiPgA, ChiPgAHAP10 and ChiPgAHAP20 films. Cells were also seeded in porous scaffolds of ChiPgAHAP20. The cell culture medium used for these studies was a 1 : 1 mixture of Ham's F12 Medium and Dulbecco's Modified Eagle's Medium with 2.5 mM L-glutamine (without phenol red). To make complete growth media, 0.3 mg ml −1 G418 antibiotic and 10 per cent foetal bovine serum was added to the 1 : 1 mixture of Ham's F12 Medium and Dulbecco's Modified Eagle's Medium.
(e) MTT detection of viable cells
The MTT solution was used to analyse the growth rate of osteoblast cells on ChiPgAHAP10 and ChiPgAHAP20 films. MTT is a dye that is captured by the viable cells and reduced by a mitochondrial reaction to formazan. This product accumulates inside the cells and, since it is unable to pass through the cell membrane, the cytoplasm acquires a violet colour. The amount of formazan formed is directly proportional to the number of live cells. For this study, osteoblast cells were seeded on ChiPgAHAP10 and ChiPgAHAP20 films grown in 24-well plates. To each well, 0.5 ml of cellcontaining medium was added and, after specific intervals of time (1, 3, 7 and 10 days), the MTT solution (100 ml) was added to four wells and incubated for 3 h followed by the addition of 0.5 ml of dimethyl sulphoxide to each well containing MTT solution and incubated at room temperature for 1 h. After 1 h, absorbance values were recorded at l = 550 nm using a microplate reader.
Experimental
Compression tests of composites were done at a loading rate of 2 N min −1 using an MTS materials testing servo-mechanical test frame (Materials Testing Solutions, Eden Prairie, MN, USA). AFM phase imaging was performed using a multi-mode 15 kV AFM having a Nanoscope-IIIa controller equipped with a J-type piezo scanner (Veeco Metrology Group, Santa Barbara, CA, USA). The morphology of the porous composites was analysed using secondary electron imaging on a JEOL 6000, JSM 6300 V scanning electron microscope (SEM).
Results and discussion
(a) AFM images of thin films polyelectrolyte complexes. The nanoparticles have core-shell structures, with the core containing both polymers, and the shell made up of the polymer in excess. The size and surface characteristics of these nanocolloids are dependent on the relative molecular weight of the polymers, order of mixing, etc. AFM images show that ChiPgAHAP samples have larger particle sizes; however, a closer look at these particles shows that they are made of smaller particles and have a similar size to that observed in the case of ChiPgA samples. Hydroxyapatite particles were also observed in ChiPgA samples. Figure 2 shows an SEM image of the ChiPgAHAP20 scaffold. The pore sizes in this scaffold were found to be in the range of 100 mm. The porosity of these scaffolds is around 97 per cent. Previous studies on chitosan/calcium phosphate (30% calcium phosphate) scaffolds showed compressive elastic modulus and strength around 1.7 and 0.17 MPa, with porosity around 87.5 per cent (Zhang & Zhang 2001) . In another study, compressive elastic modulus and mechanical strength were reported to be around 0.46 and 8.16 MPa for chitosan-alginate scaffold, with 91.9 per cent porosity (Li et al. 2005) . The ChiPgAHAP20 scaffold showed three distinct regions in compressive stress-strain plots (figure 3). In the first region, the response was linear and the elastic modulus was calculated from the slope of this region. In the second region, the strain-stress response resulted from the collapsed scaffold and, in this region, the slope of the curve decreased significantly. Compressive mechanical strength was determined from the onset of the second region. Further compression caused densification of the scaffold, and this region showed an increase in the slope of the stress-strain curve. The compressive elastic modulus and mechanical strength of these scaffolds are found to be around 0.9 and 0.023 MPa, respectively. Porosity has a major influence on the mechanical response of scaffolds. The low mechanical strength of the ChiPgAHAP20 scaffold could be attributed to its highly porous structure.
(b) Structure and mechanical properties of scaffolds
(c) Biocompatibility studies on films
Human osteoblast cells were seeded on films of ChiPgA and hydroxyapatitecontaining ChiPgA. The cells do not adhere to ChiPgA films and tend to form a spherical morphology over the substrate surface. Further studies on osteoblast adhesion, proliferation and differentiation were conducted on ChiPgAHAP10 and ChiPgAHAP20 films. These films were directly formed on polystyrene Adhesion of osteoblast cells onto the substrate is a necessary step before cells proliferate and differentiate further. Surface charge is a critical factor for adhesion of cells to substrate. Previous studies on osteoblast cells have shown that the positively charged surface promotes cellular adhesion (Amaral et al. 2007) . ChiPgA may have a negatively charged surface, which hindered adhesion of cells. The surface charge of ChiPgA was varied by mixing chitosan and PgA in different ratios. Osteoblast cells did not adhere to ChiPgA with chitosan concentration below 60 per cent. However, ChiPgA containing 60 per cent chitosan favoured adhesion of osteoblast cells (figure 6). As discussed earlier, ChiPgA samples containing HAP also favoured adhesion of osteoblast cells. The addition of hydroxyapatite to ChiPgA allowed adhesion of osteoblast cells. Hydroxyapatite can chelate with negatively charged polymers. We believe that, in ChiPgAHAP samples, hydroxyapatite neutralized the negative surface charge and thus favoured osteoblast adhesion. After 7 days of seeding, it was observed that there is an increase in number of cells, which shows that these samples promote cellular proliferation. Samples were stained with live/dead assay and all cells were found alive. Nodule formation by osteoblast cells was also observed in these samples. This is shown in figure 7 . The size of these nodules was found to be below 100 mm. The size and number of nodules increased with seeding time. After 10 days of seeding cells, most of the nodules have sizes in the range of 250-500 mm, while some of these nodules were observed to have grown to more than 500 mm and sometimes attained sizes around 700-900 mm (figure 8). The increases in size and in the number of nodules were observed in both the ChiPgAHAP10 and ChiPgAHAP20 samples. Mineralization of these nodules was studied by staining them with alizarin red S. The substrate also showed red staining owing to the presence of hydroxyapatite in the films (figure 9). These nodules appear to detach from the substrate, float on the surface and coalesce together (figure 10). Osteogenic supplements such as ascorbic acid, dexamethasone and b-glycerophosphate are extensively used to induce in vitro mineralization (Franceschi et al. 1994; Canalis & Delany 2002) . In the ChiPgAHAP10 and ChiPgAHAP20 samples, mineralization occurred without the addition of any mineralizing supplement. Mineralization by osteoblast cells in the absence of any such supplements has also been reported for bioactive glasses (Jones et al. 2007) . In bioactive glasses, silicon is believed to cause the necessary signals for mineralization (Xynos et al. 2001) . In ChiPgAHAP nanocomposites, there is no silicon present and no supplement is added to cause mineralization. The mineralization mechanism in these nanocomposites is yet to be understood. The growth of osteoblast cells over the period of 10 days was studied by MTT assay. This study was done on films of ChiPgAHAP10 and ChiPgAHAP20. The initial cell density was 1 × 10 5 cells per well. Figure 11 shows the average number of cells determined from MTT tests after 1, 3, 7 and 10 days. The MTT results indicate that both ChiPgAHAP10 and ChiPgAHAP20 favour cellular growth, and a higher concentration of hydroxyapatite causes a higher cellular growth rate. Figure 12a -c shows SEM images of a nodule. These images show that cells are bridged by extracellular matrix (ECM). The ECM produced by osteoblasts exhibit a fibrous morphology and so this ECM may primarily be composed of collagen fibres. Previous study shows that a higher concentration of hydroxyapatite in ChiPgAHAP nanocomposite favours a higher cellular growth rate. Hence, osteoblast cellular behaviour was only investigated in scaffolds made of ChiPgAHAP20. In these samples, cells have spherical morphology, in contrast to the flat morphology, observed in film samples (figure 13). Collagen fibres were also observed within the scaffolds. In addition, in the scaffolds, cells produce ECM-containing fibres. However, the fibres observed within the scaffolds are thicker compared with those observed within the nodules on film samples. The thickness of fibres produced by osteoblasts in film samples was determined to be around 50 nm, whereas the thickness of fibres on scaffolds was determined to be around 250 nm.
Conclusions
Novel nanocomposite scaffolds were synthesized for bone tissue engineering. The porosity of the scaffold was determined to be around 97 per cent. However, this scaffold maintained its structural integrity under wet conditions and provided the necessary mechanical support for cellular growth. The potential for their application in bone tissue engineering was evaluated by investigating cellular responses using human osteoblast cells. This study showed that osteoblast cells adhere, proliferate and produce bone-like nodules on film and scaffold samples. These results indicate that chitosan/PgA/hydroxyapatite-based nanocomposites have significant potential for bone tissue engineering.
